Several investigators in microwave bioeffects research have exposed biological preparations to intense microwave fields, while at the same time cooling the sample with flowing water. We examine the heat transfer characteristics of this situation, to estimate the maximum temperature increase and thermal time constants that might be encountered in such an experiment. The sample is modeled as a uniform sphere, cylinder, or slab subject to uniform heating, which is located in an unbounded coolant flow. The heat transfer is determined by the Biot and Reynolds numbers (which reflect the geometry, fluid flow, and material thermal properties of the system) the temperature rise is governed by the heat conduction equation coupled with external convection. The results are expressed in terms of nondimensional quantities, from which the thermal response of a heated object of arbitrary size can be determined. At low coolant flow rates, the maximum temperature rise can be biologically significant, even for relatively small objects (of millimeter radius) exposed to moderate levels of microwave energy (with a SAR of ca. 100 mW/g). The results are valid also where the coolant is a gas or a liquid different from water, the only restriction being on the Reynolds number of the flow.
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STATEMENT OF THE PROBLEM
The schematic diagram and the coordinate system for the problem are illustrated in Fig. 1 . A homogeneous object is located in an unbounded, Iarninar, coolant flow and is subject to uniform internal heating at a rate Q beginning at time t = O. In a real experiment, the object would be a small biological preparation and the cooling fluid would be water or Ringer's solution. Also, in a real situation, both the object and the coolant are simultaneously heated by the incident microwave energy to varying degrees and the coolant flow regime may not be Iaminar. The resultant mathematical problem in this latter case would be quite complex. We consider here instead a simpler case, in which the object alone is heated and it is immersed in a flowing fluid with uniform temperature TOat a large distance from the object. Furthermore, we assume that the coolant is in a thermal steady-state, even though the tissue temperature is time dependent. This is a reasonable first approximation to the real situation and the results are likely to approximate the results obtained from a more exact analysis.
IV.
ANALYSIS
We consider the tissue to be modeled as a sphere, a cylinder, or a rectangular slab. The tissue is initially at a uniform temperature TO. The irradiation will cause a uni-form volumetric heat generation in the tissue, which is cooled by a fluid flow over its exterior surface. For purposes of convenience, we shall discuss the three separate cases as follows.
A. Spherical Object
We consider a sphere of radius a that is initially at uniform temperature To, subject to uniform heating at rate Q beginning at time t * = 0.The governing equation for this case is **(r*2%)+:":% ()<r*<~, t*>o
( 1) where the symbols are defined in the Nomenclature. Equation (1) is subject to the initial condition (hereafter referred to as IC) t*<o T*(r*, t') =To (2a) and the boundary conditions (hereafter referred to as BC'S) t*>O lT*(r*, t*)l<co (2b) everywhere in the domain, and
In (2c) The solution of (6) subject to conditions in (7) is and that of (8) and (9) is
In (1 1), the constants Bn are given by
the object, and will be estimated in a later section. In (1) sin A~Cos An sin~~1 
Here Bi is the Biot number (equal to ha/k) which is the ratio of the internal to external thermal resistance of the body.
Now we write d(r, t)= fl,,(r)+g?(r, t)
where 6,,(r) is the steady-state solution and V( r, t) is the transient response. Substitution of (5) into (3) and (4) 
In the above, #is the nondimensional temperature equal to (7'* -To)/(QR'/k), the radial di~tance is normalize~by R, the time by R'/a, and Bi -(hR /k). The carat ( ) is used to indicate cylindrical geometry. Following a procedure similar to the spherical case, we let fJ(r, t)= fl,(r)+@(r, t)
where (17) is the steady-state solution, and is the transient response. B. can be determined as
The eigenvalues A. are the roots of the characteristic
where JJ X) are the Bessel functions of the first kind and order m. The eigenvalues~. are also given in [8] .
When the steady-state is reached, the tissue is allowed to cool. For the cooling case, the temperature distribution is given by jC(r, t)= -$(r, t).
C. Rectangular Slab
We shall consider a finite slab of thickness 2d and lateral dimensions which are large compared to the thickness, so that the gradients in those directions are negligible. We will 
For the cooling case #c(x, t)= -qx,t).
V.
EVALUATION OF THE HEAT TRANSFER

COEFFICIENTS
T~heat transfer coefficients h used in the definitions of Bi, Bi, and~are evaluated from the steady-state Nusselt number correlations available in the heat transfer literature. These correlations summarize experimental data over very wide ranges of experimental conditions, and reflect the thermal and hydrodynamic properties of the coolant flow. Therefore, the present results can be applied to cases in which the coolant is a liquid other than water, or even a gas, the only restriction being on the Reynolds number of flow. The evaluation we make is consistent with the assumption of quasi-steady-state of the coolant heat transfer.
The calculation of the heat transfer itself will be made on the basis of the temperature difference between the tissue surface and the bulk temperature of the coolant. 1) For a spherical object, the following correlation is taken from Gebhart (9):
Nu~=~=2.0+0.6Reji2Pr113, f for l< Re~<7X 104. (29) Here Nu~and Re~are, respectively, the Nusselt and Reynolds numbers which are based on the diameter of the sphere (cf. Nomenclature),
and Pr is the Prandtl number of the coolant. The constant 2.0 in (29) 
It is seen from (35) that the maximum temperature attained decreases with increasing Reynolds numbers, which is an expected consequence of the higher rate of heat removal from the surface of the tissue. However, for Reynolds numbers greater than about 5, the maximum temperature very quickly approaches its limiting value of 1/6. This behavior is evident from Fig. 2 . It is also observed from Fig. 2 that the steady-state is attained faster with increasing Reynolds number. The time taken to attain a steady-state is determined by the time constants of the problem, which appear as eigenvalues in (11), (18) surface to volume ratios of these objects.) In each case, the lowest eigenvalue dominates, and the approach to the steady-state resembles an exponential process. are larger. Fig. 5 shows the variation of 6 with tat Re = 0.5 and at three radial locations r = O, 0.5, and 1.0. Also, the nondimensional temperature levels attained for a cylindrical tissue are higher than those for an equivalent spherical tissue, as expected because a cylindrical object has lesser surface area for heat transfer per unit volume compared to an equivalent spherical object. Fig. 6 offers a comparison between the dimensional temperature at the center that is attained in a cylinder and a sphere for the same heat generation of Q = 100 mW/cm3.
The Re~for the external flow is fixed at 0.5. The tissue dimensions are a = R = 1 mm. Fig. 7 shows the variation of 6 w-ih t,at the midplane of a rectangular slab of tissue. The Re~e, values studied are 0.5 and 5. The tissue dimensions are taken to be 1 cm X 1 cm X 0.2 cm. The slab has the longest thermal response time, for equivalent size structure, of the three different geometries investigated in this paper. As mentioned earlier, we choose to compare our results with those of Brenner [12] , which are applicable for the cases where Pe <1. In our problem, Pr -5. Therefore, a meaningful comparison may be made for Re -0.1. Such a comparison turns out to be remarkably good (Table I) . 
VII.
CONCLUDING REMARKS
From these results, several conclusions can be drawn that are important for the kind of experiment under consideration.
1) There is a minimum Reynolds number of coolant flow required for optimum cooling. In general, for an object of a given size heated at a given SAR, higher flow velocities of the coolant will result in lower steady-state temperature increases within the object. However, beyond a certain
Reynolds number (which depends on the geometry of the object) no significant decreases are obtained; the temperature at the surface approaches that of the coolant, and the 
40)
For a tissue sphere of 1-cm radius whose material thermal properties are as given above, subject to a time-averaged SAR of 0.1 W/cm3, the maximum temperature rise at the center is thus within the range of 3.9-9.3"C. For a 1-mm radius sphere subject to the same SAR, the comparable range is 0.04-0. 1'C. Since these temperature increases are quite nonuniform throughout the preparation, they might elicit biological effects that are not observed in the simple control experiment of increasing the temperature of the bath, with no heating by microwave energy. Because of the quadratic dependence of the maximum temperature rise on the dimension of the object, the temperature rise in objects of less than millimeter dimension will be very small for any experimentally 3) The thermal time constant, required for the sphere to reach the steady-state after the heating is begun, is of the order of a */a. For a tissue sphere of 1-cm radius, this is several minutes; for a 1-mm radius sphere, the time constant is reduced to a few seconds.
It is interesting to examine some of the previous bioeffects experiments in view of the present results. Chou and Guy [1] exposed isolated rabbit nerve bundles to microwave fields with an estimated SAR of 1.5 W/g. The changes they observed in the conduction velocity of these bundles corresponded to a 10 increase in the temperature of the preparation, which was equal to the measured increase in temperature of the coolant fluid during the exposure. From (39), we expect that the maximum temperature rise in the tissue was about 0.9°C (for a I-mm radius nerve subject to maximum external cooling). It appears that, in this case, the differential heating of the nerve preparation could be significant, although the analysis of the investigators suggests that the tissue temperature for the most part was close to that of the coolant.
In contrast, in the experiments of Stewart-Dehann et al.
[6], rat ocular lenses were exposed to microwave fields with SAR values in the range 120-1200 mW/cm3. Assuming the diameter of the lens to be 0.7 cm, we estimate that the maximum temperature increase is in the range 0.6-6°C with optimum surface cooling, and up to threefold higher with less effective cooling. 
